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Advanced catalysts for oxygen reduction reaction based on N-
doped carbon materials have been designed by pyrolysis of 
polyaniline at temperatures above 1100ºC. The detailed 
characterization and computational calculations suggest that the 
conversion from pyridine to quaternary N in edge position at high 
temperatures is the responsible for the outstanding activity. 
Hydrogen fuel cells (FCs) and direct methanol FCs arise as a 
substitute for current internal combustion engines due to their 
high energy efficiency and the lack of pollutant emissions 
compared to traditional car engines
1
. One important issue that 
makes difficult its implementation is the use of platinum (Pt) 
as electrocatalyst in both the hydrogen (or methanol) 
oxidation and oxygen reduction reactions (ORR). The high cost 
and low abundance of this metal
2
, which corresponds to one-
third of the fuel cell total cost, makes necessary either to 
decrease the amount of Pt in the catalyst or to substitute it by 
another active catalyst. In addition, most of the Pt (almost 90% 
of total Pt in the FCs3) is used in the cathode due to the low 
rate of the ORR. Finally, deactivation due to metal nanoparticle 
agglomeration and poisoning by traces of carbon monoxide 
(present in hydrogen) or methanol, causes the decrease of the 
catalytic activity with life-time
2,4
. In this sense, recent research 
focuses on the development of new cathode catalysts which 
can make a substantial advantage towards fuel cells 
expansion5. Thus, new materials that can produce similar 
catalytic activity as Pt towards ORR have been developed
6–12
.  
N-doped carbon materials are one of the candidates to replace 
Pt in fuel cells
5
. As they do not contain metals, a dramatic 
reduction of the catalyst cost may result. In some cases, the Pt 
activity has almost been reached, but these materials are 
based on expensive chemical reagents, like graphene, and 
complex and expensive synthetic methods which increases the 
final catalyst cost
8,12
. Although the effect of the N on the 
carbon materials has been studied extensively, there is still a 
strong debate about the nature of N functionalities which 
generates an improvement in the catalytic activity towards 
ORR
13
. 
Polyaniline (PANI) has been employed as a precursor of carbon 
materials for its use as support of metal nanoparticles9–11 
because of its high amount of N functional groups and its 
interesting properties
14
. N-doped carbon materials derived 
from PANI have also been studied as metal-free catalysts15–20. 
However, their catalytic activity towards ORR is too low to be 
applied in a commercial fuel cell. All these works have 
synthesized carbon materials through the pyrolysis of PANI at 
temperatures lower than 1000ºC in inert atmosphere. Some 
exceptions can be found in the literature where the 
temperature used is higher than 1000ºC21,22. However, the use 
of templates modifies the structural order and the properties 
of the carbon materials, which may introduce differences in 
the effect of the heat treatment. Moreover, in these works, 
the presence of metal traces (Fe
21
 and Mn
22
) cannot be 
discarded from the preparation method used. 
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The present work studies the effect of heat treatment 
temperature on the catalytic activity. The key experimental 
parameter is the carbonization temperature and the use of 
metal-free PANI as N-doped carbon precursor. When the 
carbonization temperature is 1100 or 1200ºC, the PANI-
derived carbon materials show excellent catalytic properties 
towards ORR in alkaline conditions and very good stability with 
resistance to methanol poisoning. This makes these catalysts 
suitable for utilization in fuel cells that work at low 
temperature and in alkaline conditions (hydrogen, methanol, 
ethanol, etc.). This route is a facile, high yield and low-cost 
synthesis method of N-doped carbon materials from PANI 
which reach an ORR activity in alkaline electrolyte similar to 
commercial Pt.  
PANI was synthesized by chemical polymerization (more 
details in Supporting Information –SI-) and heat treated in a 
tubular furnace at temperatures between 600 and 1200ºC in a 
N2 atmosphere. The final carbon material is named as PANI_X, 
being X the carbonization temperature used during the heat 
treatment. The yield is included in Table S1. 
The H2O2 selectivity and ORR activity in 0.1 M KOH solution of 
the obtained carbon materials and a 20 wt % Pt/C reference 
catalyst are shown in Fig. 1A and Fig. 1B, respectively. The 
sample treated at low temperature (600ºC) shows a poor 
activity and selectivity in ORR, which is very far from the 
commercial Pt catalyst. The H2O2 yield is higher than 90%, 
what makes impossible its use as electrocatalyst in ORR; 
however, it could be useful in H2O2 formation reaction
23. At 
intermediate temperatures (800-900ºC), the materials start to 
acquire better ORR activities. Despite their better catalytic 
activity towards ORR, these samples are still not adequate 
compared to the commercial catalyst. In these cases, a 
decrease in H2O2 yield, with values around 70-80%, is 
observed. At higher temperatures (≥1000ºC) a remarkable 
improvement in ORR activity happens, and at T ≥ 1100ºC, 
materials with excellent ORR activities are obtained, which are 
close to 20% Pt/Vulcan.  On the other hand, the H2O2 yield of 
the PANI-derived carbon materials obtained at high 
temperature is very low in the useful potential range of the 
FCs (0.6 – 1.0 V) which prevents the formation of harmful by-
products during the operation of fuel cells. Similar results are 
obtained when using argon atmosphere (Fig. S1). RDE 
experiments using graphite as a counter electrode (Fig. S2) are 
similar to those with RRDE. 
Another major problem of the Pt based catalysts is the stability 
performance and the carbon monoxide and methanol 
poisoning. Methanol poisoning study was done because it is 
the easiest way to evaluate carbon monoxide poisoning 
(present in traces in hydrogen gas)
24
. The stability of 
PANI_1100 was evaluated under potentiostatic conditions (Fig. 
S3). The results are promising since the 20% Pt/Vulcan sample 
reaches 87% of its initial activity after 2 hours of reaction, 
whereas PANI_1100 material has 95% of its initial activity after 
this reaction time. The methanol poisoning test was done by 
adding methanol to the electrolyte after 2 hours reaction (see 
the arrow in Fig. S3). Even after adding methanol, PANI_1100 
activity is almost 90% of the initial value over 3 hours. 
However, the current of the 20wt% Pt/Vulcan sample drops to 
zero immediately after addition of methanol. The experiment 
supports that PANI-derived carbon materials are suitable in 
terms of stability and resistance towards methanol and carbon 
monoxide. Moreover, it can be a good candidate to be used in 
direct methanol fuel cells because of its tolerance to methanol 
poisoning. A detailed characterization of the materials was 
done to understand the reasons for their excellent catalytic 
activity towards ORR. 
Fig. S4 shows the thermogravimetric analysis of PANI_1100 in 
air atmosphere. The material is completely burnt-off, showing 
its high purity and the lack of inorganic residues. The 
morphology and porosity of PANI-derived carbon materials 
were characterized by TEM and N2 adsorption isotherms, 
respectively. TEM images (Fig. S5 and S6) show that the 
increase in heat treatment temperature does not produce a 
relevant increase in long-range structural order, but sheet-like 
structures are observed. Fig S7 shows that the there is a good 
development of porosity with heat treatment temperature. An 
explanation about these results are included in the SI. The 
surface area data show that it reaches the highest values for 
Figure 1. (a) H2O2 yield and (b) Linear sweep voltammetry curves for the 
prepared materials in O2-saturated 0.1 M KOH at 5mVs
-1
 and 1600rpm. 
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heat treatment temperatures above 1000ºC. Thus, the 
increase in surface area is beneficial for increasing the catalytic 
activity13. However, since there is an additional improvement 
in catalytic activity when the heat treatment is done at 1100ºC 
or 1200ºC, the changes in structural order and chemical 
composition must play a relevant role in the catalytic activity.  
Electrochemical impedance spectroscopy (Fig. S8) gives typical 
results for carbon-based materials. The size of the semicircle in 
the medium to high frequency range is related to the 
resistance of charge transfer through the grain-boundaries at 
the rough electrode-electrolyte interface
25,26
 that allows 
dielectric polarization of the solution. In this sense, with 
increasing the heat treatment temperature, the diameter of 
the semicircle decreases what is indicative of the better 
electrical conductivity and charge propagation
27
.  
Raman spectra of all samples are presented in Fig. S9. The 
increase in temperature results in a narrowing of the D band 
and a displacement of G band towards higher wavelength 
reaching values closer to the D2 band. This band is associated 
to a lattice vibration analogous to that of the G band but 
involving graphene layers which are not directly sandwiched 
between two other graphene layers (i.e. ‘boundary layer 
planes’)
28–31
. Samples treated at 1100 and 1200 ºC have similar 
Raman spectra. This means that upon increasing the heat 
treatment 
temperature, the 
local structural 
order increases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
However, in order to have a good ORR electrocatalytic activity 
in carbon materials, a good electrical conductivity, porosity 
and structural order are not enough to achieve excellent 
properties. For instance,  pristine graphene does not present 
high activity towards ORR8. Thus, in addition to a good 
electron transfer from the cathode electrode, it is also 
necessary the presence of catalytically active sites, where the 
oxygen molecule is chemisorbed and reduced. In this sense, it 
is known that nitrogen (N) plays a fundamental role on ORR 
electroactivity
32
 and that PANI-derived carbon materials 
contain a high amount of N-functionalities
14
. Thus, these 
functional groups can be the responsible for the creation of 
the catalytically active sites that produce the high activity 
observed for the materials treated at high temperature. Then, 
a detailed characterization of N species has been done. Fig. 2 
shows N1s spectra of XPS for all materials prepared and Table 
S1 collects the quantification for each functionality detected. 
Low heat treatment temperatures produce pyridine, amines 
and pyrrole/pyridone species
33
. As temperature increases until 
800-900ºC, a contribution of quaternary N appears and amines 
disappear due to its lower thermal stability33. Once a higher 
temperature (1000ºC) is reached, N-O species are observed 
and there is an important increase in quaternary N 
contribution while pyridine N species decrease and almost 
disappear in PANI_1200. Then, there is a conversion of 
pyridine to quaternary N due to condensation reactions that 
increase the size of the graphene layers34.  
From the H2O2 selectivity evolution (Fig. 1a), there is a change 
in H2O2 yield between samples treated at low-intermediate 
temperatures (i.e., 600-900ºC) and samples treated at high 
temperature (≥1000ºC). This suggests that the chemical nature 
of the species, which work as active sites towards ORR, 
changes with the increase in temperature during the 
treatment. The samples treated at high temperatures make 
the oxygen reduction via 4e
-
 (0% H2O2 yield) until ≃0,75V 
because of the presence of new active sites formed by high 
temperature treatment (these are named as species I). Below 
this potential, the H2O2 profile for this sample changes and the 
contribution of oxygen reduction via a 2e- process increases. 
This suggests that less active species, which act as active sites 
in the samples treated at intermediate temperature (species 
II), that will also exist in high temperature samples, start to 
contribute to dioxygen reduction through the 2e
-
 mechanism 
producing an increase in H2O2 formation. Thus, there must 
exist a competition between the two actives sites for the O2 
reduction.  In this sense, XPS analysis suggests that the 
modification of the nature of the active sites is due to the 
conversion of N pyridinic species to quaternary N and some 
small amount of oxidized N. Quaternary N species can activate 
the two contiguous carbon atoms that can constitute the 
Figure 2. N1s spectra of all materials. 
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neighbour active sites that promote ORR through direct 
reduction to H2O (via 4e
-
)
20
. 
In order to gain a better understanding of the nature of these 
active sites, Fig. S10, S11, S12 and S13 show the model 
structure and the atom effective charge for the different 
possible functional groups that could work as active sites in the 
samples treated at high temperature. The arrows in these 
figures point out the two carbon atoms which can act as 
neighbour active sites, that are connected to a N atom and 
that could be responsible for the 4e
-
 O2 reduction. In the case 
of N-O species (Fig. S10 and Fig. S11), the large negative charge 
in N-O functionality produces an important electron 
withdrawal in the carbon atoms, what may result in a strong 
chemisorption of O2 and further carbon atom oxidation. This 
suggests that these groups do not work as efficient active sites 
for ORR. Moreover, if ORR could occur, it would be expected 
that in order to reduce the charge repulsion with the N-O 
species, the O2 molecule would be preferentially chemisorbed 
on the positively charged carbon atom in a terminal 
configuration through one oxygen atom (Fig. S14), making the 
ORR on these groups preferentially via 2e
-
. A similar situation 
can be found in quaternary N species in armchair position (Fig. 
S12), where the asymmetric charge distribution for the 
neighbour C atoms and the high positive charge for one carbon 
atom, makes probable either the oxygen chemisorption and 
carbon oxidation or the 2e- oxygen reduction route. However, 
in the case of quaternary N in zig-zag position (Fig: S13), the 
oxygen molecule could be bonded through the edges of the 
graphene plane, where the repulsion between O2 and N atom 
will be reduced to the minimum and each oxygen atom would 
be adsorbed in a bridge configuration to the two positively 
charged (but weakly) carbon atoms (Fig. S15). This suggests 
that quaternary N in zig-zag position may produce the most 
active sites on carbon materials treated at high temperatures.  
Regarding quaternary N species, internal and edge 
functionalities should be differentiated. Whereas internal 
quaternary N species are considered as non active
32
, edge-type 
quaternary N groups in zig-zag position have been proposed as 
active sites in the literature by computational modelling32. This 
means that the conversion at high temperatures (proposed in 
the literature
34
) from pyridinic N species to quaternary species 
at edge sites seems to be the responsible of the improvement 
in the catalytic activity towards ORR. It should be noted that 
pyridinic N does not seem to have a high activity towards 
ORR32. 
In summary, PANI heat treated at high temperatures in N2 
atmosphere produces excellent catalysts for ORR in alkaline 
electrolyte.  The activity of the materials prepared at 1100ºC is 
similar to that of 20wt% Pt/Vulcan and better than other N-
doped carbon materials prepared by different methods or 
lower temperatures (see Table S2). The simple synthesis 
method makes these materials very promising for the future 
low-cost FCs commercialization. Moreover, we have proved 
that, the porosity, the electrical conductivity and structural 
order play a decisive role towards ORR. The pyridine functional 
group conversion to edge-type quaternary N species in zig-zag 
position during the heat treatment seems to be the 
responsible for the formation of the most active sites in PANI-
derived carbon materials. The selection of the heat treatment 
temperature is crucial to achieve both an improved 
conductivity and the higher concentration of the most active, 
4e
-
 catalytic active sites. 
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